Copper enzymes serve vital functions that involve molecular oxygen (1) . In eukaryotic cells, the localization of these enzymes within specific cellular compartments varies with different enzymes and is a crucial determinant of their physiological roles. In both yeast and humans, for example, cytochrome c oxidase plays an essential role in oxygen utilization in mitochondria, while Cu,Zn-dependent superoxide dismutase functions in the detoxification of oxygen-derived free radicals in the cytosol. Most of the copper in the human body is in fact found in ceruloplasmin, a multicopper oxidase and glycoprotein secreted from liver cells into the circulation. This copper enzyme appears to function in iron metabolism (2) (3) (4) . In the yeast Saccharomyces cerevisiae, a ceruloplasmin homolog, Fet3p, has been identified that participates in high affinity iron uptake at the cell surface (5) . The fact that copper enzymes are localized to various cellular compartments suggests that mechanisms exist for the transport of copper across membranes into these compartments, since it is otherwise difficult to envision how fully folded, copper-loaded proteins might enter membranebound compartments from the cytosol. Of particular interest is how copper is transported into the secretory pathway for delivery to secreted or extracellular copper enzymes. In humans, such enzymes carry out a variety of functions, including the biosynthesis of neurotransmitters and the maturation of connective tissue. Specific mechanisms for intracellular copper transport can be expected, given that foodstuffs usually contain only trace amounts of copper, but until recently these mechanisms have been obscure.
In 1993, the genes associated with two inherited disorders of human copper metabolism were identified. One of these disorders, Menkes disease (6 -8) , is characterized by a deficiency of copper in most tissues. The other, Wilson disease (9 -11) , is marked by failure of the liver to excrete surplus copper into the biliary tract and to deliver copper to ceruloplasmin. Despite different tissue specificities, both disorders appear to involve a defect in the export of copper from the cytosol (12) . The genes associated with both of these disorders encode homologous P-type ATPases, suggesting that these ATPases mediate the export of copper from the cytosol (13) . Although functional characterization of these ATPases has proven difficult, some progress has been made in the characterization of a yeast homolog. This homolog, encoded by the CCC2 gene (14) , also appears to export copper from the cytosol, since ccc2 mutant cells fail to deliver copper to the ceruloplasmin homolog, Fet3p, a membrane-bound glycoprotein whose copper-binding domains lie outside the cytosol (15) . Despite a failure to synthesize the holoprotein form of Fet3p, ccc2 mutant cells still produce wild-type amounts of the apoprotein form of Fet3p, and copper uptake remains unimpaired (15) . Thus, ccc2 mutant cells exhibit signs of defective copper export into the secretory pathway that aptly model those observed in Menkes disease and Wilson disease.
The aim of the present work was to characterize where copper enters the secretory pathway in yeast, using the genetic tools that are especially advantageous in this organism. Using a variety of yeast mutants with known defects in protein trafficking, the copper export activity of Ccc2p was assessed using biochemical and physiological assays of the copper content of Fet3p, and Ccc2p itself was visualized by immunofluorescence microscopy. It might be conjectured that copper export would occur within the endoplasmic reticulum, given the common requirement for metal cofactors in protein folding (16) , or within the Golgi complex, in view of evidence that manganese is exported from the cytosol in yeast by a Golgi-resident P-type ATPase, Pmr1p (17) . The studies reported here suggest instead that Ccc2p-dependent copper export is restricted to a late-or post-Golgi compartment in the secretory pathway.
EXPERIMENTAL PROCEDURES

Yeast Strains
The ccc2::URA3 and ⌬fet3::TRP1 cells were in the parental background YPH252 as described (15) . The ⌬ftr1::TRP1 cells were in the same background but opposite mating type (strain 42C) (18) . The * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
⌬ccc2::LEU2 cells in the parental background 2908 were as described (14) ; these cells were mated with strain 3A⌬ctr1 (MATa, ino1-13 leu2-3,-112 ⌬ctr1::URA3) 1 and sporulated for isolation of a ccc2 ctr1 strain. The sec mutant strains (sec1-1, sec4 -2, sec7-1, sec18 -1, sec21-1, sec23-1, sec53-6, and the congenic wild-type strain X2180 -1A) (19) were from the Yeast Genetics Stock Center (Berkeley, CA). The vps mutant strains were part of a large collection of yeast strains generously provided by T. Stevens (20) . When vps strains were available as either vpl or vpt alleles, as listed (20) , the vpl strains were used. The FET3 gene was disrupted in a vps33 (vpl25) strain (MATa, ade6 his4 leu2 ura3 pep4 vpl25-6) by insertion of the URA3 gene at its unique BamHI site, using a NheI-ClaI fragment from the plasmid p⌬fet3. 1 Insertions were verified by polymerase chain reaction across the insertion junction adjacent to the 3Ј-end of FET3. 67 
Cu Autoradiography of Fet3p
Cells were starved for copper and iron by growth for 12-15 h at the indicated temperature to A 600 0.2-0.4 in 100 ml of a defined medium lacking added iron and copper (Bio101, La Jolla, CA). The medium contained glucose (2%, w/v) and MES-Na 2 (50 mM pH 6.1) (each treated with Chelex-100 resin; Bio-Rad), a complete supplement mixture (CSM; Bio101), and ferrozine (100 M) (an iron chelator for inducing expression of several iron-regulated genes, including FET3 and CCC2) (21) . Cells were then labeled with 67 Cu (Los Alamos National Laboratory, Los Alamos, NM) (1 Ci/ml, 3 nM total copper) for 2 h at the indicated temperature. Membrane extracts were prepared and separated without prior denaturation on 4 -20% polyacrylamide gels as described (15) . Loading of gels for autoradiograms was adjusted to compensate for variations in total cellular copper uptake, as measured after cell homogenization and pelleting of cell walls (22) . Each lane contained roughly 0.1 Ci of radioactivity. Gels were rinsed briefly with water and exposed to Kodak XAR-2 film with one intensifying screen at Ϫ70°C for 1-5 days.
Determination of Protease-accessible Fet3p in Spheroplasts
Spheroplasts were prepared using 100 g of Zymolyase-100T (ICN) from approximately 8 ϫ 10 8 cells in a buffer (1.2 M sorbitol, 40 mM sodium phosphate (pH 7.0), and 0.5 mM magnesium chloride) supplemented with 10 mM sodium azide and 10 mM sodium fluoride. Cells were then incubated with 2000 units proteinase K (Life Technologies, Inc.) (23) for 1 h, incubated with 1 mM AEBSF (ICN) for 15 min, and chilled on ice. Mock digestions involved separate incubations of the cells and enzymes/AEBSF in buffer; these were combined after chilling. All cells were washed four times in ice-cold buffer containing 1 mM AEBSF, 10 mM sodium azide, and 10 mM sodium fluoride and homogenized with glass beads in buffer containing 1 mM AEBSF, 30 M leupeptin (ICN), and 10 M pepstatin A (ICN). Membrane extracts were then prepared as described (15) . Copper sulfate (50 M) was added to solubilized membranes to reconstitute oxidase activity for detection of total Fet3p (15) .
Oxidase and Immunochemical Assays of Fet3p
Fet3p was detected in undenatured samples (in oxidase assays) or in denatured samples (in Western blots), as described (15), using 7.5% polyacrylamide gels (8 g of protein/lane) and 0.5 mg/ml p-phenylenediamine hydrochloride (15) or 0.5 mg/ml o-dianisidine hydrochloride (24) as substrates. Gels for oxidase assays were developed in a humid atmosphere at 30°C for 3 days. Sodium azide (10 mM) was included in the oxidase buffer to diminish background signal. Antiserum to native Fet3p (1971.5) was obtained by immunizing rabbits with a multiple antigenic peptide conjugate (25) of the peptide RDLHVDPEVLLN-EVD (from within the carboxyl-terminal tail of Fet3p) and was used at a 1:1000 dilution. The antiserum showed a marked preference for high mobility (immaturely glycosylated) forms of Fet3p, even in heat-denatured samples. 3 
Physiological Assays of Copper-loaded Fet3p
Iron Uptake-High affinity iron uptake capacity was measured using 55 Fe as described (26) . Cells were grown for six generations in YPD medium supplemented with 25 mM each of sodium succinate and succinic acid (27) and 0 or 50 M copper sulfate and then grown for another 4 h after 40-fold dilution. Results shown are the differences between means of triplicate determinations at 30 and 0°C.
Respiratory Competence-Cells were first grown for 3 days at 30°C on standard defined (SD) medium containing a complete supplement. Cells were then washed twice with water and dispensed in 5-l samples (about 1000 cells) onto ethanol-based growth medium (15) supplemented as indicated. Cells were grown at 30°C for 5 days.
Expression and Visualization of Epitope-tagged Ccc2p
The CCC2 coding region together with 395 bp of 5Ј-DNA (and no 3Ј-DNA) was amplified by polymerase chain reaction (28) using genomic DNA derived from the yeast strain YPH274 (29) and the oligonucleotides 5Ј-CTCGCTCGCCCAAATACGCAGATGTTGGTACAGTCTCTT-GCAGA-3Ј and 5Ј-CTGGTTCGGCCCAACCAAGACTTCTTCGTTTGA-CATTAGTCCGGCCTGTGA-3Ј. Purified polymerase chain reaction products were introduced by ligation-independent cloning (30) into a low copy number yeast expression vector based on the CEN-and HIS3-containing vector, pRS413 (Stratagene) (29) . This vector (pDY207) was designed to fuse the 3Ј-ends of cloned coding sequences with sequences encoding three tandem copies of the influenza hemagglutinin (HA) epitope tag (31) followed by two stop codons and the CYC1 terminator. The construction of this vector will be described elsewhere. 4 A CCC2 fusion construct or pDY207 DNA lacking CCC2 sequences was then transferred to the URA3 plasmid pRS416 (Stratagene) (29) via EcoRI and XbaI sites in the multiple cloning site. Bacterial cultures (Escherichia coli strain DH5␣) of CCC2 plasmids were susceptible to lysis in stationary phase; DNA was prepared from bacteria grown in Terrific Broth (60) to a relatively low culture density (0.4 A 600 ). Expression of a CCC2-containing plasmid (pDY228) or an empty expression vector (pDY225) in yeast cells was accomplished by growth at 30°C in the defined medium used for copper autoradiography except with CuSO 4 added to 0.1 M (for ccc2 cells with epitope-tagged Ccc2p) or 5 M (for vps cells) and with uracil omitted. Immunofluorescence techniques were essentially as described (32) , except that the primary antibody (1:2000) was a purified mouse monoclonal antibody directed against the HA epitope tag (HA.11, Babco, Berkeley, CA) (33); the secondary antibody (1:200) was a Cy3 conjugate (Jackson ImmunoResearch, West Grove, PA). (Little specific signal was obtained with the anti-HA monoclonal antibody 12CA5 or a Texas Red conjugate.) 4Ј,6-diamidino-2-phenylindole (Sigma) was added to the mounting medium (1 g/ml) to stain nuclei. Confocal images were obtained using a laser scanning microscope equipped with Nomarski optics (Zeiss).
RESULTS
Fet3p is a Cell Surface Protein That Requires Ccc2p for
Copper Loading-The importance of Ccc2p in the delivery of copper to Fet3p was demonstrated previously in studies that monitored the oxidase activity of Fet3p in ccc2 mutants (15) . In the experiments depicted in Fig. 1A , copper delivery to Fet3p was demonstrated directly by labeling cells in vivo with radioactive copper. Membrane extracts from such cells were analyzed by electrophoresis for radioactivity co-migrating with Fet3p-dependent oxidase activity. A single radioactive species of the expected mobility was detected in extracts from wild-type cells but not in extracts from ccc2 and fet3 cells (Fig. 1A) . Previous studies also established that delivery of copper to Fet3p requires at least two other cell surface proteins. The plasma membrane copper transporter, Ctr1p, appears to be required for the biosynthesis of all cellular copper proteins, Fet3p in particular (26) , while the plasma membrane iron transporter, Ftr1p, forms a molecular complex with Fet3p, as suggested by the fact that both Ftr1p and Fet3p must be expressed in order for Fet3p to be loaded with copper and for Ftr1p to leave the endoplasmic reticulum (18) . As expected, no radiolabeled Fet3p was detected in ctr1 or ftr1 cells. 3 The ability of copper added in vitro to reconstitute oxidase activity in membrane extracts from ctr1, ccc2, and ftr1 (but not fet3) cells (15, 18) suggested that Fet3p is present as an apoprotein in these cells. As shown in Fig. 1B a polyclonal antibody directed against a peptide in the carboxyl terminus of Fet3p.
To determine whether Fet3p is a cell surface protein, cells were digested to form spheroplasts and subsequently incubated with proteinase K. This treatment destroyed most of the Fet3p in wild-type and ccc2 cells, but Fet3p in ftr1 cells was largely resistant to digestion (Fig. 1B) . These findings indicated that in wild-type cells Fet3p is found primarily at the cell surface, in keeping with the role of Fet3p in high affinity iron uptake (5) and with other studies of Fet3p involving proteolytic digestion of spheroplasts (34) . The resistance to digestion, greater electrophoretic mobility, and decreased abundance of Fet3p in ftr1 cells relative to Fet3p in wild-type or ccc2 cells (Fig. 1B) were consistent with previously described genetic and physiological evidence, suggesting that Fet3p is retained in the endoplasmic reticulum in ftr1 cells (18) . The fact that Fet3p in ftr1 cells also lacks copper therefore suggested that Fet3p is loaded with copper at a stage in the secretory pathway beyond the endoplasmic reticulum.
Delivery of Copper to Fet3p Requires Transit into the Golgi Apparatus-Temperature-sensitive sec mutants have been widely used to study the effects of defined blocks in the secretory pathway (19, 35) . Several of these mutants were used here to demarcate the stages in the secretory pathway within which Fet3p is loaded with copper. Cells were brought to nonpermissive temperature to arrest the transit of Fet3p at a defined stage in the secretory pathway. These cells, which had also been starved for copper, were then incubated with radioactive copper to label only the Fet3p holoprotein synthesized at nonpermissive temperature. Using this assay, it was found that Fet3p-associated radioactivity was virtually absent in cells with secretory blocks at stages preceding, or including, intraGolgi transport (sec23, sec18, and sec7 (Fig. 2A); sec21 and  sec53 3 ) In contrast, Fet3p-associated radioactivity was readily detected in cells with secretory blocks at stages involving the transport (sec4) or exocytosis (sec1) of secretory vesicles (Fig. 2A) .
The failure in early sec mutants for copper to be delivered to Fet3p was not due to a failure of copper to enter the cells at nonpermissive temperature. 12-30% of added radioactivity was recovered in cellular homogenates from both wild-type and mutant cells (cell walls that might have bound copper (22) were first removed). ctr1 mutant cells, which lack high affinity copper uptake (26) , retained only 0.2% of added radioactivity, indicating that copper was being delivered to Fet3p in sec mutant cells primarily by CTR1-dependent mechanisms.
The failure in early sec mutants for copper to be delivered to Fet3p was also not due to a failure to synthesize Fet3p at nonpermissive temperature. Secretory blocks induced in sec mutants generally do not affect protein synthesis for several hours, despite the accumulation of newly synthesized proteins in intracellular vesicles or organelles (19) . When protein synthesis was allowed to proceed at nonpermissive temperature, the sec mutants studied did, in fact, accumulate forms of Fet3p Membrane extracts were treated with copper in vitro to allow enzymatic detection of total Fet3p. Fet3p was detected either by an oxidase assay using p-phenylenediamine as substrate (top), or by Western blot analysis of heat-denatured samples using an anti-Fet3p antiserum (bottom).
FIG. 2. Analysis of SEC genes required for delivery of copper to Fet3p.
A, autoradiogram of Fet3p in sec mutants labeled with radioactive copper at nonpermissive temperature. B, net synthesis of Fet3p in sec mutants at nonpermissive temperature. Cells were prepared for radiocopper labeling exactly as in A. Thirty minutes before the shift to nonpermissive temperature, paired cultures were treated with cycloheximide (100 g/ml) or vehicle (ethanol, 0.1%) to distinguish between extant and newly synthesized forms of Fet3p. At the nonpermissive temperature, cells were treated with nonradioactive copper and subsequently digested (except as noted) with proteases to highlight the presence of intracellular proteins. Membrane extracts were treated with copper in vitro to allow detection of total Fet3p by its oxidase activity, using p-phenylenediamine as substrate.
that were resistant to proteolytic digestion of intact spheroplasts (sec18 and sec21 (Fig. 2B); sec23 3 ). Fet3p accumulating in cells blocked in endoplasmic reticulum-to-Golgi transport (sec18, sec21, and sec23 mutants) would be unable to undergo glycosylation within the Golgi complex, and indeed Fet3p from these cells exhibited greater electrophoretic mobility than Fet3p from wild-type cells (Fig. 2B) . 3 Although protease-inaccessible, high mobility Fet3p was also observed in sec18 and sec23 cells treated with cycloheximide before being heated to nonpermissive temperature (Fig. 2B) , these findings do not contradict the assertion that Fet3p biosynthesis continues at the nonpermissive temperature in these cells; most likely, they simply indicate that the sec18 and sec23 strains used in these experiments retain a residual secretory block even at the permissive temperature.
Delivery of Copper to Fet3p Requires Many Genes Involved in Vacuolar Protein
Sorting-The finding that Fet3p is loaded with copper in a late Golgi or post-Golgi compartment led to an examination of mechanisms of vacuolar protein sorting for their possible relevance to the processes that deliver copper to Fet3p, since vacuolar protein sorting is one of the principal functions of these compartments (36, 37) . It was known that certain vacuolar protein sorting (vps) mutants with so-called class C or class D morphologic features (exhibiting multivesicular vacuolar morphology and defective vacuolar inheritance, respectively) (20, 35) have a defect in respiratory function, manifest as the inability to use glycerol or ethanol as a metabolic substrate, e.g. vps18 (pep3) (38) , vps6 (39) , and vps11 (end1) (40) . A connection between the respiration-deficient phenotype and the biochemistry of Fet3p and Ccc2p in these cells was revealed by the observation that ethanol-dependent growth of a vps33 (class C) mutant (41) could be significantly enhanced by supplementing the growth medium with either copper or iron (Fig. 3A) , a phenotype also observed in ccc2 cells (15) . The ability of copper to restore respiratory function was FET3-dependent (Fig. 3A) . These effects of copper on respiratory competence were closely reflected in the ability of copper to restore a defect in high affinity iron uptake (Fig. 3B) and to restore Fet3p-dependent oxidase activity (Fig. 3C) in the same cells. Yet cellular copper uptake, as measured with radioactive copper, and cytosolic Cu,Zn-superoxide dismutase activity in vps33 cells were similar to the activities in wild-type cells, 3 and Fet3p polypeptide could also be demonstrated in these cells by its oxidase activity after reconstitution with copper in vitro (Fig. 3C) . (The decreased electrophoretic mobility of Fet3p in the copper-treated extracts in Fig. 3C may be attributable to artifactual copper-induced cross-linking of Fet3p during storage, since no mobility shift was observed when copper was withheld from cell homogenates and membrane extracts until just before electrophoresis.) 3 Thus, vps33 cells exhibited several phenotypes closely resembling those of ccc2 cells, each traceable to a specific defect in Ccc2p-dependent copper export (15) .
A survey of vps mutants for the phenotype of copper-correctable iron deficiency revealed many other vps mutants with this phenotype. The class C and class D mutants were most severely affected, but several other mutants of other classes were also impaired to various degrees (Fig. 4A) . It should be noted that the phenotypes of these mutants are not necessarily those of deletion mutants (e.g. compare Refs. 20 and 42 with respect to carboxypeptidase Y secretion in cells with spontaneous and null alleles of VPS16).
To examine the biochemical significance of the copper-correctable iron uptake phenotype, ccc2 cells were compared with ccc2 ctr1 cells for their ability to regain iron uptake under conditions of limited copper supplementation. Deletion of the CTR1 gene had no discernible effect on the detailed concentration dependence of the copper correction phenotype (Fig. 4B) . Because the CTR1 gene product is responsible for almost all copper uptake under low copper conditions (radiocopper experiments; see above and Ref. 26) , copper uptake across the plasma membrane is unlikely to be a determinant of the copper correction phenotype in these cells. Thus, at least in ccc2 cells, the extent to which iron uptake defects are correctable by copper can probably be regarded as a measure of the degree to which Fet3p exists as an apoprotein at the cell surface.
Ccc2p Is Localized to a Late Golgi or Post-Golgi Compart- (lanes 1 and 2, no added copper; lanes 3 and 4, 50 M added copper), were analyzed for oxidase activity using methods that either preserve the in vivo copper status of Fet3p (lanes 1 and 3) or reconstitute Fet3p-dependent oxidase activity using copper added in vitro (lanes 2 and 4) . o-Dianisidine was used as substrate.
ment-The close resemblance of copper-dependent phenotypes in vps mutant cells to those found in ccc2 cells suggested that Ccc2p resides in, and presumably functions within, a cellular compartment affected by mutations in the vacuolar protein sorting machinery. To visualize this compartment directly, an epitope (HA)-tagged derivative of Ccc2p was expressed in representative ccc2 and vps mutant cells, each exhibiting severe iron uptake defects (0 -5% of wild type). This modified Ccc2p, expressed under its own promoter in a low copy number vector, was capable of restoring high affinity iron uptake and growth in iron-chelating medium in a ccc2 deletion mutant. 3 In such cells, the HA-tagged Ccc2p was visualized by indirect immunofluorescence microscopy with antibody directed against the HA epitope and found to be distributed among several punctate foci (Fig. 5A ). This pattern of distribution was clearly not perinuclear and instead resembled that of the late-Golgi protein, Kex2p (23) . In wild-type cells grown with added copper, the HA-tagged Ccc2p appeared concentrated adjacent to vacuolar membranes (Fig. 5E ), while in congenic vps1, vps15, and vps33 cells also grown in added copper (to restore their iron and copper status to that of wild-type cells), the HA-tagged Ccc2p was distributed among smaller and more numerous granules 20 and 35) . a, 8, 10, 13, 29, 30, 35, 38, 44, and 46; b, 5, 17, 39, 41, and 43; c, 11, 16, 18, and 33; d, 3, 6, 9, 15, 19, 21, 34, and 45; e, 2, 4, 20, 22, 23, 24, 25, 27, 28, 31, 32, 36 ( Fig. 5, G, I, and K) . The different patterns of distribution observed for the HA-tagged Ccc2p expressed in ccc2 (Fig. 5A ) or wild-type (Fig. 5E ) cells were not attributable to the CCC2 copy number (1 versus 2) or to the copper concentration in the growth medium (0.1 versus 5 M), since no changes were seen when HA-tagged Ccc2p was expressed in wild-type cells congenic to the ccc2 strain used or when the copper concentration was altered. 3 
DISCUSSION
In the present work, yeast mutants with genetically determined defects in protein trafficking were used to localize Ccc2p-dependent copper export. Temperature-sensitive sec mutants were used to show that copper export requires integrity of the early secretory pathway. In particular, copper export required function of the intra-Golgi protein encoded by the SEC7 gene, while the SEC4 and SEC1 gene products involved in transport and fusion of secretory vesicles were dispensable. These findings served to localize copper export to a late Golgi or postGolgi compartment and led to the finding that Ccc2p is aberrantly distributed in a subset of vps mutants with defects in post-Golgi sorting, thereby suggesting that Ccc2p functions in a post-Golgi compartment diverted from the secretory pathway. A model encompassing these and previous (18) findings is presented in Fig. 6 , in which Fet3p reaches this post-Golgi compartment as a complex with Ftr1p (18), receives copper from Ccc2p, and then completes its transit to the plasma membrane by mechanisms involving the SEC4 and SEC1 gene products (Fig. 2B) .
It remains to be established whether Ccc2p is in fact localized to a sorted post-Golgi compartment or whether it is actually localized to an unsorted late-Golgi compartment within the constitutive secretory pathway. The effects of vps mutations on copper export are most simply interpreted as showing that Ccc2p functions in a sorted post-Golgi compartment, since by definition vacuolar protein sorting involves the sorting of vacuolar proteins from the constitutive secretory pathway. In this view, Fet3p would travel to this compartment for copper loading and then proceed to the plasma membrane. This maturation pathway for Fet3p apparently occurs independently of any protein sorting motifs that may exist in the membrane-spanning or cytosolic domains of Fet3p, since truncation of those domains does not affect copper loading and secretion. 3 Although novel in yeast, such pathways are well described in mammalian cells in connection with major histocompatibility complex class II antigen presentation (e.g. Refs. 43 and 44) and with the biogenesis of synaptic vesicles (e.g. Ref. 45 ). Interestingly, two copper enzymes involved in mammalian neurotransmitter biosynthesis, dopamine-␤-hydroxylase and peptidyl glycine ␣-amidating enzyme, are sorted away from the constitutive secretory pathway into neurosecretory vesicles through mechanisms that may involve acidic sorting compartments, independently of membrane-spanning or cytosolic domains in these enzymes (46) .
The effects of vps mutations on Ccc2p localization and function may also be accounted for by the fact that many of these mutations affect the localization of late Golgi proteins as well as that of post-Golgi proteins (23, (47) (48) (49) . It is therefore also possible that Ccc2p is localized to a late Golgi compartment. An HA-tagged derivative of the late Golgi protein Kex2p was also redistributed in vps1, vps15, and vps33 mutants in a manner indistinguishable from that observed for the HA-tagged Ccc2p. 3 Nevertheless, because of the ambiguities inherent in immunofluorescence studies of the late secretory pathway in yeast, double labeling experiments with differently tagged Ccc2p and Kex2p constructs will be necessary to determine whether these two proteins are in fact co-localized. Other phenotypes of certain vps mutations include disruption of endocytic pathways (40, 50, 51) and the mislocalization of subunits of the vacuolar proton-translocating ATPase (35) . Notably, vma1 (tfp1) disruption mutants defective in vacuolar acidification (52) have severe copper phenotypes similar to ccc2 mutants, 3 and another acidification mutant, vma3, has been isolated in a genetic screen for mutants with iron-correctable respiratory deficiency (53) . The acidification of post-Golgi organelles could be required for some aspect of the delivery of copper to Fet3p, e.g. in transporter-metal dissociation kinetics (54, 55) and even in vacuolar protein sorting (Refs. 27 and 56; see also Ref. 46) . It seems clear, however, that metallation of Fet3p by copper in vitro (e.g. in homogenization buffer) does not require an acidic pH and that the localization of copper export to the late secretory pathway is attributable at least in part to the localization of Ccc2p there (Fig. 5) .
Recent evidence in mammalian cells indicates that the Menkes disease and Wilson disease gene products also function in the late secretory pathway, within trans-Golgi or endosomal compartments (57, 58) . 5 Thus, the exclusion of copper from the early secretory pathway may be a general feature of copper metabolism in eukaryotic cells. A rationale for this may be found in the fact that the lumen of the endoplasmic reticulum has a relatively high oxidation potential (59) . Copper delivered into this environment would be oxidized to the Cu(II) oxidation state. As this copper species avidly binds imidazole groups in histidine residues and generates hydroxyl radicals in Fentontype reactions (1), it would probably disrupt essential functions of the early secretory pathway. Significantly, Fet3p apoprotein cannot be loaded with copper in vitro unless the copper is in the Cu(II) oxidation state.
3 Therefore, at least for yeast, the ability of cells to withstand the biosynthesis of a secreted copper enzyme may hinge on their ability to segregate copper loading from other processes within the secretory pathway.
